Lung cancer incidence has progressively increased to approximately 223,500 new cases/yr, with approximately 157,000 deaths/yr reported in the United States in 2010 ([@B1]). The disease is now the major cause of cancer-related death with the highest mortality rate ([@B1]). A hurdle to improving these statistics has been the lack of innovative and alternative approaches that can be used to diagnose various types of lung tumors and/or guide therapy. Histopathological review of biopsies has been the historical standard for diagnosing and treating lung cancers, which are classified into small-cell lung carcinoma (SCLC) of neuroendocrine cell origin, and non-small-cell lung carcinoma (NSCLC) of epithelial origin. NSCLC are further subcategorized into adenocarcinoma (ADK), squamous cell carcinoma (SCC), and large-cell carcinoma. A promising and objective, cost- and time-saving alternative to histopathological analyses (which often require additional invasive procedures) would be the use of molecular theragnostic biomarkers that have both therapeutic and diagnostic value. To that end, a number of studies have sought to identify unique gene-based biomarker sets derived from genome-wide microarray analyses ([@B2]--[@B6]). However, the clinical applicability of these markers remains uncertain as they await further validation. Furthermore, in addition to the conventional cytotoxic chemotherapies (*e.g.* paclitaxel, gemcitabine, cisplatinum) that are based on histological characterization of lung cancers, the two biomarker-based therapies that do exist (*e.g.* gefitinib and erlotinib) have been used in the clinic with significant efficacies among affected populations ([@B7], [@B8]). Nevertheless, the identification of new markers that would have both diagnostic and therapeutic value would be an important milestone in improving the clinical outcome of lung cancer.

The human nuclear receptor (NR) superfamily consists of 48 members of transcription factors, most of which are ligand activated and known for their crucial roles in diverse physiological processes including metabolism, reproduction, and development ([@B9], [@B10]). Functional alterations in several NRs also are associated with chronic diseases such as diabetes, atherosclerosis, metabolic syndrome, and cancer; and importantly, these NRs are well-documented targets of approved drugs that are used to these diseases ([@B11]--[@B13]). Several lines of evidence indicate the relevance of NRs to tumor pathogenesis, including estrogen receptor in breast cancer, androgen receptor (AR) in prostate cancer, retinoic acid receptor-β in lung cancer, and further the human NR superfamily in NCI-60 cancer cell panel ([@B14]--[@B17]). Recently Bouchardy *et al.* ([@B18]) reported that breast cancer patients with antiestrogen treatment showed lower lung cancer mortality. Clinical trials have also been initiated using a peroxisome proliferator-activated receptor (PPAR)-γ agonist or an antiestrogen in combination with drugs targeting mutant epidermal growth factor receptor (*e.g. erlotinib*) or vascular endothelial growth factor receptor (*e.g.* ZD6474 or bevacizumab) ([@B19]). Finally, we have shown recently that the mRNA expression profile of NRs can predict survival of early stage NSCLC patients, thereby demonstrating the potential of NRs as clinically useful biomarkers ([@B20]).

In this study, we assessed the potential of using mRNA expression of the entire NR superfamily as a tractable, diagnostic biomarker in lung cancer. Using data obtained from human lung cancers and mouse xenograft models, we show that NR profiling provides a promising new strategy for diagnosing and potentially treating lung cancer.

Results
=======

Expression of NRs in lung cell lines
------------------------------------

To explore the expression profile of NR in a variety of lung cancer types, quantitative, real-time PCR for the 48 members of the human NR superfamily was performed as previously described ([@B9], [@B20], [@B21]). A panel of 55 lung cell lines was surveyed, which included five normal human bronchial epithelial cells (HBEC), 10 immortalized cell lines, 13 SCLC, and 27 NSCLC. The immortalized cell lines included four HBEC lines immortalized with cyclin-dependent kinase 4 and the catalytic subunit of human telomerase reverse transcriptase (HBEC KT), two BEAS2B cell lines that express SV40 T antigen, three HBEC KT lines transformed with oncogenic K-ras^V12^ (HBEC KTR~B~), and one HBEC KT line expressing the human papilloma virus E6/E7 oncoproteins (HBEC KT+E6/E7). These immortalized HBEC lines have previously been shown to represent various stages in oncogenic progression toward lung cancer ([@B22], [@B23]). The SCLC and NSCLC lines were derived from human primary tumors as described ([@B24]). The expression profiles of the 48 NRs for each of the 55 cell lines are shown in Supplemental Fig. 1, published on The Endocrine Society\'s Journals Online web site at <http://mend.endojournals.org>, and the results are summarized according to the relative expression levels of each NR in Supplementary Table 1.

To determine the potential diagnostic utility of the NR expression profile, we first investigated whether it could be used to distinguish tumor types. Unsupervised cluster analysis of the quantitative PCR (QPCR) data set differentiated normal and immortalized HBEC from cancer cells and NSCLC from SCLC ([Fig. 1](#F1){ref-type="fig"}A). We also evaluated whether the progression of a normal HBEC into a cancer cell correlated with NR expression. The relative levels of NR expression in the lung cancer cell lines were plotted on a color-coded heat map after normalizing the expression value for each receptor to the five normal HBEC lines ([Fig. 1](#F1){ref-type="fig"}B). Interestingly, the HBEC KT and BEAS2B cell lines (which have been immortalized but are not neoplastic) exhibited altered expression for relatively few receptors when compared with the normal HBEC. In contrast, all of the cancer cells showed large changes in receptor expression levels with up-regulation of expression being the predominant change observed. These data suggest that events other than the introduction of an oncogene are required for the deregulation of NR expression seen with disease progression. Unsupervised cluster analysis of NR expression from these data revealed two major NR groups, one which encompassed a subset of NRs overexpressed in cancer (cluster I), and a second group NR that were notably down-regulated in cancer (cluster II). Intriguingly, these two NR groups are similar, albeit not identical, to the two clusters previously identified from anatomical profiling of NR expression to govern developmental (cluster I) and metabolic (cluster II) pathways ([@B9]). Taken together, these data indicate that NR expression reflects the pathogenic state of lung cancer cells and suggests that NR profiling might be used to predict pathogenic progression.

![NR gene expression signature in lung cancer cell lines. A, Unsupervised cluster analysis for 55 lung cell lines using the NR QPCR mRNA expression data. *Colors* depict immortalized and normal HBEC (*green*), SCLC (*red*), and NSCLC (*blue*) cell lines. B, Heat map of relative NR expression in lung cancer cell lines. Expression values for each NR were normalized to the average receptor value (arbitrarily set to 1) obtained from the five normal HBEC cell lines. *Red* and *green colors* represent values that were higher or lower, respectively, than the average value observed in the normal HBEC. The *horizontal axis* shows unsupervised clustering of 47 NRs (including the alternative splice variants for *PPAR*γ and *PPAR*δ), and the *vertical axis* displays the 55 lung cell lines ordered based on their pathological classification. ME, Mesothelioma; BA, bronchioalveolar. Constitutive androstane receptor, farnesoid X receptor, and *HNF4*α were not included due to their low expression (Ct \> 34). The *scale* represents log 2 ratio of the normalized NR expression values.](zmg0081250440001){#F1}

NRs as diagnostic biomarkers of lung cancer subtypes
----------------------------------------------------

Nuclear receptor expression is known to vary significantly between normal lung epithelial cells as well as different types of lung tumors ([@B25]--[@B27]). For example, higher expression of estrogen receptor (ER)-α protein has been shown to be associated with both adenocarcinoma and squamous cell carcinoma compared with normal bronchial epithelium ([@B26]). In addition, *PPAR*γ expression was reported to be higher in primary NSCLC tumors compared with normal surrounding tissue ([@B27]). These observations taken together from the data shown above prompted us to evaluate whether expression of specific NRs might have utility in distinguishing the major histological subtypes of lung cancer. Analysis of the NR mRNA profiling revealed that specific types of lung cancer express discrete subsets of NRs ([Fig. 2](#F2){ref-type="fig"}). For example, mineralocorticoid receptor and *PPAR*γ expression were associated with NSCLC ([Fig. 2](#F2){ref-type="fig"}A). Estrogen-related receptor (*ERR*)-β, *ERR*γ, nerve growth factor-induced gene B3 (*NGFIB3*), progesterone receptor, and retinoic acid-related orphan receptor-α showed significantly higher expression in SCLC compared with NSCLC. Receptors primarily expressed in SCLC included retinoid X receptor-γ, steroidogenic factor 1, and small heterodimeric partner (*SHP*). In contrast, retinoic acid receptor-γ, thyroid hormone receptor-β and vitamin D receptor (*VDR*) showed moderately or dramatically reduced expression in SCLC compared with the NSCLC or HBEC ([Fig. 2](#F2){ref-type="fig"}A). In addition, we analyzed differences in expression in SCC *vs.* ADK and found that a group of receptors, *e.g. ER*α, hepatocyte nuclear factor 4 (*HNF4*)-γ, liver receptor homolog-1, mineralocorticoid receptor, *PPAR*γ*2, PPAR*γ, and retinoic acid-related orphan receptor-γ showed significantly increased expression in the ADK *vs.* SCC ([Fig. 2](#F2){ref-type="fig"}B). We also analyzed tissue microarray data from 309 NSCLC including 196 adenocarcinomas (AC) and 113 SCC for several expression of PPARγ protein. PPARγ protein was expressed in both AC and SCC. Interestingly, although SCC showed a significantly higher expression of cytoplasmic PPARγ (mean score of AC, 4.3; SCC, 33.3; *P* \< 0.001), AC had a significantly higher expression of nuclear PPARγ (mean score of AC, 35.7; SCC, 16.7; *P* \< 0.001). In this analysis, protein expression was quantified as a semiquantitative score (ranging from 0 to 300) using intensity and extension of the immunostaining results (Supplemental Table 2). Collectively these data define discrete subgroups of NRs that distinguish, and therefore may be involved in, specific types of lung tumors.

![Classification of tumor types based on NR expression. A, Distribution of NRs in normal and immortalized, SCLC, and NSCLC. The subsets of NRs were grouped in the Venn diagram based on their expression pattern using the statistical *U* test. The panels display representative NR expression profiles for each class identified in the Venn diagram. Constitutive androstane receptor, farnesoid X receptor, and *HNF4*α were not included due to their low expression (Ct \> 34). B, Distribution of NRs in adenocarcinoma and squamous cell carcinoma cells are depicted in the Venn diagram using the statistical *U* test. The panels display representative NRs expression profiles that distinguish adenocarcinoma cells. Constitutive androstane receptor, *ERR*β, *ERR*γ, farnesoid X receptor, *HNF4*α, pregnane X receptor, retinoid X receptor-γ, steroidogenic factor 1, *SHP*, and *TLX* were excluded due to their low expression (Ct \> 34) in these two groups of cell lines.](zmg0081250440002){#F2}

NRs as diagnostic biomarkers of lung cancer incidence
-----------------------------------------------------

We next sought to investigate whether the NR gene signature could be used as a diagnostic biomarker for lung cancer incidence in smokers who are at risk. To that end, we excerpted the 110 NR probe sets from 129 Affymetrix HG-U133A microarray samples (Santa Clara, CA) that describe gene expression in the lungs of patients with a history of smoking ([@B5]). Using the excerpted NR gene expression profile from a training set of 77 samples, a prediction model was developed to distinguish tumor and nontumor samples using a penalized logistic regression approach. The model was then validated in an independent testing set (n = 52) ([@B5]). [Figure 3](#F3){ref-type="fig"}A shows the receiving operation curve of the NR prediction model in the testing data set. The area under the curve (AUC) is 0.84 (95% confidence interval 0.72--0.96), which indicates that the NR signature has significant prediction power for lung cancer diagnosis. With a 73% positive predictive value and an 81% negative predictive value, the NR biomarker had a diagnostic sensitivity of 70% in patients who had lung cancer and a diagnostic specificity of 84% in diagnosing patients without cancer ([Fig. 3](#F3){ref-type="fig"}B). The NR signature had an overall predictive accuracy of 79% (41 of 52) for lung cancer incidence in the testing set, which was comparable with the 80-gene signature previously reported from the genome-wide study using the same sample sets ([@B5]). These data implicate the NR gene signature as a diagnostic biomarker set that may be used both to classify types of lung cancer and predict lung cancer incidence in smokers.

![The NR gene signature as a biomarker for lung cancer incidence in smokers. A, Receiving operation curve analysis using the NR gene expression signature from 129 smokers. NR lung expression data from the microarray data sets (accession no. GSE 4115) for these patients were trained in one set (n = 77) and validated in an independent testing set (n = 52). A, The 95% confidence interval for the area under the curve (AUC) is 0.84 (0.72, 0.96). B, Diagnostic utility of the NR gene signature. The NR gene signature showed a diagnostic sensitivity of 70% (14 of 20 cancer cases) with only a 16% false-positive rate (five of 32 noncancer cases). This analysis revealed a prediction accuracy of 79% for lung cancer incidence in tested smokers. Cancer and Non indicate patients with and without cancer, respectively. Cancer incidence indicates the predicted cancer diagnosis based on the NR signature. Sens, Sensitivity; Spec, specificity; PPV, positive predictive value; NPV, negative predictive value.](zmg0081250440003){#F3}

Prediction of NR ligand responsiveness in lung cancer
-----------------------------------------------------

Having established that the NR mRNA expression profile has diagnostic value, we asked whether this signature might have therapeutic potential as a predictor of NR ligand responsiveness in lung cancer. AR, ERα, VDR, and PPARγ were selected for further analysis because they have been extensively studied in several types of cancer such as breast, prostate, and colon cancers ([@B17], [@B27]--[@B32]). Moreover, ligands for these receptors are available and have been used clinically. Receptor-positive and -negative lung cancer cell lines (shown in Supplemental Fig. 1) were evaluated for cognate ligand responsiveness as measured by cell growth. To rule out potential effects due to differing culture conditions, the cell lines were selected randomly from those cell lines that grow well under the same culture conditions. [Figure 4](#F4){ref-type="fig"}A shows the results from evaluating a subset of AR-positive \[cycle time (Ct) \< 28\] and AR-negative (Ct \> 35) cells in response to the agonist dihydrotestosterone (DHT). Note that Ct indicates the threshold cycle correlated to initial copy number for the gene of interest in QPCR reaction. LnCaP, an AR-positive prostate cancer cell line, was used as a positive control and showed consistent growth stimulation with DHT treatment at a physiological concentrations (\<1 n[m]{.smallcaps}) as previously described ([@B33]). Two AR-negative lung cancer cell lines, H1299 and H2009, showed no significant response to DHT treatment. H1184 cells, a SCLC line that has the highest mRNA expression of *AR*, showed significant growth stimulation in the physiological subnanomolar to nanomolar concentration ranges of DHT but was growth inhibited at supraphysiological concentrations (1 μ[m]{.smallcaps}). Interestingly, H2122 (a NSCLC line) showed a strong DHT dose-dependent growth stimulation, whereas H1993 (a NSCLC line) showed a growth-inhibitory response to DHT. For ERα, two positive expressing NSCLC lines, H2052 and HCC78 (Ct \< 27), were treated either with a receptor agonist (17β-estradiol) or antagonist (ICI 182,780) and monitored for growth ([Fig. 5](#F5){ref-type="fig"}A). The breast cancer cell line MCF-7 was used as a positive control, and its growth was stimulated or repressed by agonist or antagonist as expected. Agonist and antagonist treatment of the H2052 cells also caused a marked dose-dependent stimulation or inhibition, respectively, in cell growth. Interestingly, HCC78 cells were growth inhibited by 17β-estradiol as well as the ICI 182,780 antagonist. Two ERα-negative lines, H1299 and H2009 (Ct \> 34), were unresponsive to either ligand. Note that *ER*β was not expressed in any of the tested cell lines.

![Evaluation of AR in lung cancer cells. A, Lung cancer cell growth response to DHT treatment. Relative growth responses were assessed as described in *Materials and Methods. Asterisks* show the statistically significant points evaluated by ANOVA. B, Hierarchical clustering of AR-dependent gene signatures and lung cancer cells. A genetic signature of 380 genes showing more than a 2-fold difference between AR-positive and AR-negative lung cancer cells was used for the cluster analysis using Matrix 1.29.](zmg0081250440004){#F4}

![Evaluation of ERα in lung cancer cells. A, Lung cancer cell growth response to ERα ligands. Relative growth responses were assessed as described in *Materials and Methods. Asterisks* show the statistically significant points evaluated by ANOVA. B, Hierarchical clustering of ERα-dependent gene signatures and lung cancer cells. A genetic signature of 540 genes showing more than a 2-fold difference between ERα-positive and ERα-negative lung cancer cells was performed as in [Fig. 4](#F4){ref-type="fig"}.](zmg0081250440005){#F5}

In a similar fashion, we evaluated the response of various cells to 1α, 25-(OH)-dihydroxyvitamin D3, the physiological ligand of VDR. Because most of the lung cancer cells express quantitatively detectable levels of VDR, the SCLC line H841 was the only low-abundance VDR cell line (Ct \> 32) that could be tested along with three high VDR-expressing lines (Ct \< 26): H2122, H1993, and H2347 ([Fig. 6](#F6){ref-type="fig"}A). As predicted by their *VDR* mRNA expression status, the VDR-deficient cell did not respond, whereas the three VDR-positive cell lines responded to vitamin D and were growth inhibited in a dose-dependent fashion. Likewise, PPARγ ligand-dependent growth was evaluated in six different cell lines ([Fig. 7](#F7){ref-type="fig"}A). The PPARγ-specific agonist troglitazone showed significant growth inhibition in a dose-dependent manner in three high PPARγ-expressing lines (H2347, H1993, Calu-1) (Ct \< 24) but no significant responses in three low abundance-expressing lines (H1770, HCC1195, H1299) (Ct \> 30). Overall, the analysis of these receptors in the surveyed cell lines suggests that NR mRNA expression profile can be used to predict a cell\'s ability to respond to a given receptor\'s ligand.

![Evaluation of VDR in lung cancer cells. A, Lung cancer cell growth response to 1α, 25-dihydroxyvitamin D~3~. Relative growth responses were assessed as described in *Materials and Methods. Asterisks* show the statistically significant points evaluated by ANOVA. B, Hierarchical clustering of VDR-dependent gene signatures and lung cancer cells. A genetic signature of 717 genes showing more than an 8-fold difference between VDR-positive and VDR-negative lung cancer cells was performed as in [Fig. 4](#F4){ref-type="fig"}.](zmg0081250440006){#F6}

![Evaluation of PPARγ in lung cancer cells and tumors. A, Lung cancer cell growth response to troglitazone. Relative growth responses were assessed as described in *Materials and Methods. Asterisks* show the statistically significant points evaluated by ANOVA. B, Hierarchical clustering of PPARγ-dependent gene signatures and lung cancer cells. A genetic signature of 1010 genes showing more than a 2-fold difference between PPARγ-positive and PPARγ-negative lung cancer cells was performed as in [Fig. 4](#F4){ref-type="fig"}. C, Response of PPARγ-positive and PPARγ-negative xenograft lung cancer tumors to pioglitazone. H1299 and H2347 cells were sc injected into athymic nude mice and allowed to form tumors. Mice were treated with 25 mg/kg pioglitazone or vehicle control four times a week (indicated on the x-axis). Tumor volumes were measured twice a week. Tumor volume represents the tumor size (n = 4 per group) ± [sem]{.smallcaps} and statistical analysis determined using a Student *t* test.](zmg0081250440007){#F7}

Genome-wide mRNA expression correlates with NR expression
---------------------------------------------------------

As a first attempt to characterize the gene expression networks that might be regulated by specific NRs, we tested the correlation of global gene expression with individual NR expression in the lung cancer cell lines. We performed an Affymetrix U133AB microarray in the lung cancer cell lines that had been evaluated for AR, ERα, VDR, and PPARγ activity. Biostatistic analyses showed 210 genes differentially overexpressed and 170 genes differentially underexpressed (\>2-fold) in the selected AR-positive cells *vs.* negative cells ([Fig. 4](#F4){ref-type="fig"}B); and 295 genes overexpressed and 245 genes underexpressed (\>2-fold) in the ERα-positive *vs.* negative cells ([Fig. 5](#F5){ref-type="fig"}B). Consistent with the QPCR data, this analysis confirmed the higher expression of *AR* (\>2.6-fold) in the AR-positive cells (*P* \< 0.05) and *ER*α (\>3.3-fold) in the ERα-positive cells (*P* \< 0.05). In a similar analysis with VDR, 3277 genes were differentially up-regulated and 5178 genes were differentially down-regulated greater than 2-fold in high *vs.* low-expressing cells ([Fig. 6](#F6){ref-type="fig"}B). Note that the average expression of *VDR* was 26-fold higher in the high-expressing group compared with the low-expressing group. The microarray data for the PPARγ correlation study identified 633 genes overexpressed *vs.* 377 genes underexpressed greater than 2-fold in the PPARγ high- *vs.* low-expressing cell lines ([Fig. 7](#F7){ref-type="fig"}B). Consistently, *PPAR*γ expression was greater than 27-fold in the high expression group compared with low expression group. Notably, for all these correlations, hierarchical clustering permitted segregation of the cell lines based on expression of each NR.

The hierarchical clustering analyses described above for AR, ERα, VDR, and PPARγ were analyzed further to determine the number of statistically significant (*P* \< 0.05) genes that correlated with NR expression. The statistically significant, correlated gene sets for these NRs consisted of 195 genes (51 positively and 144 negatively correlated) for *AR*, 145 genes (75 positively and 70 negatively correlated) for *ER*α, 155 genes (144 positively and 11 negatively correlated) for *VDR*, and 895 genes (568 positively and 327 negatively correlated) for *PPAR*γ. These statistically filtered genes are listed in the Supplemental Data and provide a worthwhile resource for identifying common transcriptional regulatory networks or direct target genes of these NRs.

PPARγ agonist-dependent inhibition of tumor growth
--------------------------------------------------

We next evaluated the possibility of guiding lung cancer therapy by targeting specific NRs expressed in individual cancers. Several lines of evidence have suggested the use for PPARγ agonists as therapeutics for treating cancer ([@B13], [@B32], [@B34]). Thus, as a proof of principle, we validated the potential of using *PPAR*γ expression as a predictor of thiazolidinedione responsiveness in mouse xenograft tumors established by sc injection of PPARγ-positive (H2347) or -negative (H1299) cells into the flank of immune-compromised nude mice. Although the data shown above ([Figs. 4](#F4){ref-type="fig"}A, [5](#F5){ref-type="fig"}A, [6](#F6){ref-type="fig"}A, and [7](#F7){ref-type="fig"}A) indicated that mRNA expression alone might predict a cell line\'s response to a given receptor\'s ligand, we also confirmed the expression of PPARγ protein levels by immunoblot analysis in the PPARγ-positive and -negative cell lines (Supplemental Fig. 2A) and in the xenograft tumors (Supplemental Fig. 2B). A dose of 25 mg/kg of pioglitazone, a PPARγ agonist that is used to treat type 2 diabetes, was ip administered four times a week for 5 wk, starting 5 d after cancer cell injection into mice. Pioglitazone treatment had no effect on H1299 (PPARγ negative) tumor growth ([Fig. 7](#F7){ref-type="fig"}C). In contrast, H2347 (PPARγ positive) cells showed a marked, statistically significant inhibition of tumor growth with pioglitazone treatment compared with the vehicle ([Fig. 7](#F7){ref-type="fig"}C). These data provide further evidence that PPARγ may be a relevant therapeutic target for lung cancer treatment and moreover suggest that NR expression may be a viable predictor of a tumor\'s response to therapy. This result provides a strong rationale for using systematic profiling of NR mRNA expression as a potential therapeutic biomarker for individual cancers.

Discussion
==========

We previously demonstrated that the NR superfamily is a prognostic biomarker set for survival and relapse of lung cancer patients and further provided *SHP* as the first single-gene prognostic biomarker for early stage (stage I) of lung cancer patients ([@B20], [@B26], [@B27]). These findings prompted us to develop a rationale of investigating the diagnostic potential of the NR superfamily. In the present study, we investigated the potential use of the NR superfamily gene signature for the diagnosis and treatment of lung cancer. Several independent preclinical and clinical approaches were used to demonstrate that NR profiling of lung cancer can be used to do the following: 1) distinguish between normal bronchial epithelial cells and lung cancer; 2) classify different types of lung cancer (*e.g.* NSCLC *vs.* SCLC); 3) diagnose lung cancer incidence in smokers at risk; and 4) predict NR ligand responsiveness and provide tumor-specific therapeutic targets. Previous work has suggested that a key advantage to developing a biomarker that can diagnose lung cancer in smokers at risk is that it might eliminate the need for other costly tests and even provide a rationale for treating healthy smokers prophylactically ([@B5]). The expression profiling of the NR superfamily takes this strategy one step further by providing a diagnostic biomarker that can detect both the presence and type of lung cancer and that might be used to discover novel therapeutic targets for individual patients.

One of the more intriguing findings from this work was that the NR-specific pattern of mRNA expression in an individual tumor might be used to predict that tumor\'s response to a given receptor\'s ligand. As a proof of principle, we tested randomly chosen subsets of NR-positive and -negative cell lines (for AR, ERα, VDR, and PPARγ) and found a remarkable concordance between the presence of a given receptor\'s mRNA and the cell\'s growth response to that receptor\'s ligand. Although the functional data support the notion that mRNA expression may be used in some cases to indicate the presence or absence of functional receptors, mRNA expression may not always be reliable ([@B25]). At present, the paucity of adequate antibodies for most NRs prevents a robust atlas of protein expression. Knowing a given tumor\'s NRs profile might then be used to guide therapeutic options. As a case in point, we used the cancer cell-specific pattern of *PPAR*γ expression to evaluate growth responses to a PPARγ agonist. The potential benefits of targeting PPARγ in cancer (including NSCLC) have been suggested previously ([@B13], [@B32], [@B34]). In this study, we showed that the *PPAR*γ mRNA profile in tumor cells predicted both the presence of PPARγ protein (as measured by immunoblot) and cell growth inhibition in response to thiazolidinedione. The ability of thiazolidinedione treatment to inhibit PPARγ-positive xenograft tumors provides a promising rationale for the theragnostic use of NR profiling. It is worth noting that treatment and prevention of a number of diseases have been successful by specifically targeting NRs ([@B35]--[@B40]); thus, this approach is standard practice for guiding antihormonal therapy of breast and prostate cancer ([@B41]--[@B43]). Nevertheless, to develop NRs as therapeutic targets for lung cancer treatment, profiling of NR protein expression in pair-matched patient samples from normal lung *vs.* corresponding tumors might be advantageous because different NRs are known to be expressed in various cell types in normal lung tissues ([@B25]).

In addition to the diagnostic and therapeutic potential of the NR profiling in lung cancer, this work also reveals a strategy to study the pathogenesis and progression of the disease. To that end, we note that there was a substantial change in the NR expression profile when comparing normal HBECs and nontumorigenic, immortalized cell lines harboring oncogenic alterations (*e.g.* by expressing K-ras^V12^, E6/E7, CDK4, and hTERT) to the fully tumorigenic clones ([Fig. 1](#F1){ref-type="fig"}B). The NR expression changes marking the progression of normal cells into cancer cells imply NR regulation of transcriptional networks plays a role in tumorigenesis. Furthermore, the unsupervised clustering of NR expression in the various cancer cell lines revealed the presence of two major classes of NRs that are remarkably similar to the two clusters found previously by analyzing whole-body anatomical expression of NRs in normal tissues ([@B9]). These two NR clusters represent a hierarchical network that governs two distinct physiological processes, development, and metabolism. The finding that the developmental and metabolic NR-dependent transcriptional networks are dysregulated in lung cancer suggests that NRs play an important role in the homeostatic balance that maintains normal differentiated lung tissue. Closer inspection of the NR expression signature revealed specific NRs appear to be associated with specific types of lung cancer and their transcriptional programs. Notable examples included the expression of *SHP* in SCLC and also *PPAR*γ in NSCLC. SHP is an atypical nuclear receptor that is known for its role in enterohepatic lipid metabolism in which it interacts and negatively regulates the activity of other transcription factors, including many NRs ([@B44], [@B45]). The expression of a potent transcriptional repressor like SHP in a cell type in which it is not normally expressed may be expected to have significant pathological effects on cell function, and this finding provides a rationale for further mechanistic studies. The role of PPARγ in multiple cancer types has implicated this receptor in the progression of the disease as a therapeutic target ([@B13], [@B32], [@B34]), which we have validated further in this study. Finally, by evaluating global changes in gene expression that were associated with specific NRs, we found significant, NR-specific changes in expression of discrete subsets of genes ([Figs. 4](#F4){ref-type="fig"}[](#F5){ref-type="fig"}[](#F6){ref-type="fig"}--[7](#F7){ref-type="fig"}). These findings imply that this type of analysis might be used to find the downstream target genes that may also be important in lung cancer pathogenesis.

Collectively, our studies support the idea of targeting individual receptors, particularly those that are already well-documented targets of Food and Drug Administration-approved drugs for treating lung cancer. By profiling all 48 NR family members and validating the preclinical implications of the selected NRs as diagnostic biomarkers and therapeutic targets, our work provides a new theragnostic approach that could simultaneously decide diagnosis as well as guide individual-specific therapeutic treatment schemes in the future.

Materials and Methods
=====================

Cell culture
------------

NHBEC, HBEC UI, and BEAS2B cells (American Type Culture Collection, Manassas, VA) were cultured in BGEM media (Cambrex Bio Science, Walkersville, MD) supplemented with the supplied nutrients according to the manufacturer. Patient-derived HBEC were immortalized by introducing CDK4 and hTERT as previously described ([@B23]) and are referred to as HBEC2-KT, HBEC3-KT, HBEC4-KT, and HBEC5-KT. Genetic manipulations such as introducing *K-ras*^V12^, or human papilloma vial oncoproteins E6/E7 into the immortalized HBEC were performed to investigate the effect of such oncogenic alterations ([@B23]). This series of HBEC were grown in keratinocyte-serum-free medium (Invitrogen Corp., Grand Island, NY) supplemented with epithelial growth factor and pituitary gland extract ([@B22], [@B23]). Lung cancer cells derived from primary tumors ([@B24]) were maintained in RPMI 1640 media (Invitrogen) with 5 or 10% heat-inactivated fetal bovine serum (ΔFBS; Gemini BioProducts, Woodland, CA). Genomic DNA fingerprinting was used to confirm the identity of the cell lines used in this study ([@B46]).

Immunoblot analysis
-------------------

Following a standard protocol for immunoblot assays, 50 μg of whole-cell lysates was assayed with a mouse monoclonal anti-PPARγ antibody ([@B47]) or antiactin antibody (Sigma, St. Louis, MO) to confirm PPARγ protein expression.

QPCR assay and data analysis
----------------------------

Total RNA were purified using QIAGEN RNeasy minikit (QIAGEN Sciences, Gaithersburg, MD) following the manufacturer\'s instructions. The quality and concentration of each RNA was assessed using either ethidium bromide-stained agarose gel or Agilent 2100 bioanalyzer (Quantum Analytics Inc., Foster City, CA). Efficiency-corrected standard curve-based QPCR assays were optimized for multiple plate comparisons and were performed in the 55 lung cell panel using primer and probe sets as described previously ([@B48]). Raw data from this analysis has been deposited on the NURSA web site ([www.NURSA.org](http://www.NURSA.org)) and is also available on request.

Cell line microarray data analysis
----------------------------------

Microarray assays were performed using Affymetrix U133A and -B chips in the 48 human lung cell lines. The GSE accession of the microarray dataset is GSE4824 in GEOdatasets. Expression data were analyzed using unsupervised cluster analysis. Included in the analysis of the selected receptor correlation were the following lung cancer lines: four AR-positive cell lines (H2122, H460, H1993, and H1184) and eight AR-negative cell lines (H2009, HCC827, HCC1195, H1607, H1299, H2882, HCC366, and H289); five ERα-positive cell lines (H1607, H1993, HCC78, H2052, and HCC1195) and 23 ERα-negative cell lines (H1299, H157, H2882, H1819, H2087, H358, HCC44, H2887, HCC15, HCC366, HCC461, H526, H1672, H2107, H889, H289, H60, H82, H1963, H1184, H2171, HCC970, and H841); six high VDR-expressing cell lines (H1993, H2122, H2347, H460, H157, and H1299) and five low VDR-expressing cell lines (H82, H889, H2107, H1963, and H841); five high PPARγ-expressing cell lines (H1993, H2347, Calu-1, H2887, and H2882) and five low PPARγ-expressing cell lines (HCC1195, H1770, H841, H460, and H1299). Matrix 1.29 software (developed by Luc Girard) was used for the hierarchical cluster analysis of the QPCR data of the NR expression and the Affymetrix microarray data. Pearson correlation of each gene to each receptor expression was calculated and a significance test for the correlation was calculated with the formula: *P* = TDIST\[ABS(r/SQRT\[(1-r\^2)/(n-2)\]),n-2,2\] where r is the Pearson correlation value and n is the number of samples tested. Genes successfully filtered to a significance of *P* \< 0.05 are found in the Supplemental Data set.

Classification analysis of NR expression in smokers with cancer
---------------------------------------------------------------

Training and testing data sets for analyzing NR expression as a diagnostic marker in lung cancer were downloaded from a previous study (GSE4115 in Gene Expression Omnibus database) ([@B5]). These samples were collected originally from smokers and former smokers as part of a diagnostic study for suspicion of lung cancer ([@B5]). Postbiopsy analysis revealed a population of subjects with and without lung cancer. Sample information was kindly provided by Dr. Avrum Spira (Boston University, Boston, MA). Microarray data were processed by Robust Multi-array Average methods ([@B49]), and all gene expression values were log transformed (base 2 scale). One hundred ten transcripts (*i.e.* probes from the HG-U133A Affymetrix arrays) corresponding to 48 human NR genes were used to build a classifier to predict lung cancer diagnosis using penalized logistic regression model ([@B50]). All of the parameters used in building the model were default values in R version 2.92 and package step Plr version 0.91 (R Foundation for Statistical Computing, Vienna, Austria, <http://www.R-project.org>); the linear combination of all covariables are in Supplemental Table 3. The model accuracy was evaluated when using a probability cutoff value of *P* = 0.5.

Cell growth assays
------------------

For evaluation of AR activity, cells were maintained in phenol-red free RPMI 1640 media containing 5% heat-inactivated, charcoal-stripped ΔFBS. For the assay, 10^5^ cells were split into six-well plates and grown in RPMI 1640 media containing 5% charcoal-stripped, heat-inactivated ΔFBS. DHT (Sigma) was added every day for 3 d in triplicate wells. Relative percentage cell growth response was calculated by counting Trypan blue-excluding cells (Sigma). For ERα evaluation, assays were performed in the same way as for AR except cells were maintained in phenol red-free containing media. Agonist 17β-estradiol (Sigma) or antagonist ICI 182, 780 (Tocris, Ellisville, MO) was added as indicated. VDR- and PPARγ-dependent cell growth was monitored using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt and 3-(4,5-dimethylthiazole-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assays (Sigma), respectively. Cells were split into 96-well plates containing phenol red-free RPMI 1640 media and 5% charcoal-stripped ΔFBS in final volume of 100 μl/well and treated as indicated with 1α,25-dihydroxyvitamin D3 (Tocris) or troglitazone (Cayman Chemicals Co., Ann Arbor, MI). The MTT assays were performed by measuring absorbance of MTT metabolites at 560 nm wavelength.

Xenograft experiments
---------------------

The care and treatment of experimental animals were performed with the approval of the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center (Dallas, TX). Athymic nude mice (5 to 6 wk old females) were purchased from Charles River Laboratories (Wilmington, MA) and maintained in specific pathogen-free conditions. H1299 (a PPARγ negative cell line, Ct \> 30) and H2347 (a PPARγ positive cell line, Ct = 20) cells (2 × 10^6^) were sc injected into the right flank areas of mice on d 0 (n = 8/group). The mice were randomly divided into two groups (n = 4) and treated with ip administration of 25 mg/kg pioglitazone (Actos; Takeda Pharmaceutical Co., Osaka, Japan) dissolved in 10% dimethylsulfoxide or the same volume of dimethylsulfoxide vehicle control four times a week. Tumor volumes were directly measured twice a week from d 5 with calipers and calculated by the formula π/6 × (large diameter) × (small diameter)^2^. Mice treated with vehicle were killed at d 37 before tumor necrosis occurred. The difference in tumor volume between treatment groups was statistically analyzed with a Student *t* test using SPSS 11.5 software (SPSS Inc., Chicago, IL).

Supplementary Material
======================

###### Supplemental Data

Abbreviations: ACAdenocarcinomaADKadenocarcinomaARandrogen receptorCtcycle timeDHTdihydrotestosteroneERestrogen receptorERRestrogen-related receptorΔFBSfetal bovine serumHBEChuman bronchial epithelial cellHBEC KTHBECs immortalized with cyclin dependent kinase 4 and the catalytic subunit of human telomerase reverse transcriptaseHNF4hepatocyte nuclear factor 4MTT3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromideNRnuclear receptorNSCLCnon-small-cell lung carcinomaPPARperoxisome proliferator-activated receptorQPCRquantitative PCRSCCsquamous cell carcinomaSCLCsmall-cell lung carcinomaSHPsmall heterodimeric partnerVDRvitamin D receptor.
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